Natural thorium and uranium found in construction components of underground experiments can significantly contribute to detector background. Here we present the determination of 232 Th and 238 U in selected selenium, aluminum and copper materials, exploiting a highly effective chromatography method based on the TRU Resin and inductively coupled plasma mass spectrometry. While selenium samples as isotope sources were analyzed for the purpose of the SuperNEMO experiment, the results of aluminum and copper samples have been used for development of accelerator mass spectrometry for ultrasensitive radiopurity analyses of construction materials. Semi-quantitative analysis was also conducted for some selenium and aluminum materials.
Introduction
A need to answer fundamental questions of physics, such as the mass of neutrino or origin of dark matter, has driven scientists to design a new generation of experiments [1] [2] [3] [4] [5] [6] [7] . One of the key aspects, determining whether a rare event physics experiment will be successful or not, is detector background. Besides cosmic radiation (which can be effectively dealt with by placing the experiment in a deep underground laboratory with additional shielding), and radon isotopes (whose concentration can be reduced by proper ventilation of the air in the laboratory environment), intrinsic contamination of the experimental apparatus by various radionuclides (e.g., 40 K, 60 Co, 137 Cs, 232 Th, 238 U) can significantly contribute to the background as well. The radiopurity limit for the material depends on its role in the experiment, and on radionuclide, however, the required concentration of radioactive impurities is typically below 10 −13 g g −1 [8] . Screening of such materials prior to their installation by methods which are capable of detecting ultra-trace amounts of radionuclides has thus become obligatory for low-level background experiments.
Primordial radionuclides 238 U (T 1/2 = 4.47 × 10 9 y) and 232 Th (T 1/2 = 1.40 × 10 10 y), which represent almost all naturally occurring uranium and thorium, are at the very top of two separate decay chains, comprising altogether 29 alpha and beta emitters [9] . Although not all of them are dangerous for low-level background experiments mentioned above, some are critical. For example, 208 Tl (T 1/2 = 3.05 min) and 214 Bi (T 1/2 = 19.7 min) produce beta-electrons with the energy of 5.00 and 3.27 MeV, respectively, which are both above the anticipated neutrinoless double-beta decay energy of the 82 Se source of the SuperNEMO experiment [4] . In the case of its isotope source, the radiopurity limits were set < 10 nBq g −1 for these two short-lived radionuclides [10]. The aforementioned detection limit can also be applied for thorium and uranium, as it is expected that 208 Tl and 214 Bi are in the secular equilibrium with their parent nuclides. Furthermore, due to the ability of gaseous radon isotopes ( 220 Rn and 222 Rn) to freely diffuse through the environment, their daughter nuclides can be easily spread as well.
In recent years, several techniques have been established and routinely exploited for radiopurity measurements, 1 3 inductively coupled plasma mass spectrometry (ICPMS) being one of them [11] [12] [13] . Its capability to analyze small (a few grams or less) samples with high precision and accuracy in a relatively short time makes ICPMS advantageous over non-destructive radiometric methods, such as gamma spectrometry and neutron activation analysis (NAA). A major drawback of ICPMS is the presence of ions potentially interfering with the signal of the radionuclide of interest, i.e. isobaric ions, polyatomic ions, and ions causing tailing. However, these issues can be-to some extent-solved by implementation of radiochemistry separation methods to the sample preparation protocols, using more than one collector, or introducing a collision/reaction cell in the system [14] [15] [16] . As isobaric interferences and background are generally higher for low-to-intermediate mass radionuclides, ICPMS is especially suitable for determination of isotopes of actinides.
Separation and pre-concentration of thorium and uranium in order to remove matrix elements for successful ICPMS determination can be achieved by various techniques [17] . Recent developments in radiopurity measurements showed that methods based on extraction and anion exchange chromatography are especially effective sample preparation strategies. With the use of anion exchange resin, LaFerriere et al. [18] separated thorium and uranium from shielding materials of the MAJORANA DEMONSTRATOR to reach the ICPMS detection limits for 232 Th of 0.03 and 0.9 nBq g −1 and for 238 U of 0.1 and 5.7 nBq g −1 for copper and lead, respectively. Similarly, detection limits of 5.9 nBq g −1 of 232 Th and 6.2 nBq g −1 of 238 U per gram of lead were achieved with the UTEVA resin [19] . Moreover, very high chemical yields were found for separation of thorium and uranium from selenium matrices by the UTEVA and anion exchange resins, solely tested for the SuperNEMO experiment [20] .
The chemistry service and chemical plant division of the Gran Sasso National Laboratory (LNGS) has a long and successful history in radiopurity analysis of materials of various kinds [8, [21] [22] [23] [24] [25] [26] . Here we shall present results of ICPMS determination of thorium and uranium in selected selenium, aluminum and copper materials, performed at the LNGS. In connection with the SuperNEMO experiment, pure selenium powders of different quality were directly digested and measured after dilution, or 232 Th and 238 U were first separated and pre-concentrated by extraction chromatography using TRU Resin. The second approach was also applied for aluminum powder and target holders, and copper high-purity wire and target holders which can all be used for accelerator mass spectrometry (AMS). Development of this ultra-sensitive technique could further improve the detection limit for natural thorium and uranium, as suggested by recent studies [12, 27, 28] . Electroformed copper sample in the form of scobs, potentially exploitable for shielding of low-level background detectors, and aluminum pellets were measured as well. Semi-quantitative analysis was also conducted in the case of selected selenium and aluminum samples.
Experimental

Samples
Basic characteristics (name, form, processed amount, and product number for commercially available materials) of all samples measured for thorium and uranium content by ICPMS and/or processed for semi-quantitative analysis are given in Table 1 . The processed amount of sample depended on the type of analytical procedure.
All selenium samples were in the elemental powder form, with the exception of one selenium oxide sample. Three high-purity samples (AB, D) were prepared at the Joint Institute for Nuclear Research (JINR; Dubna, Russia). While two of them were enriched to contain mostly 82 Se (99%), the third one had natural selenium isotopic composition. The latter was also expected for the last sample which was provided by Alfa Aesar (Karlsruhe, Germany) and had declared purity of 99.999% (metal basis).
Three different types of aluminum samples were altogether processed: solid high-purity (99.9999%) 6 × 6 mm pellets from Laurand (Great Neck, NY, USA), elemental powder from Alfa Aesar (Karlsruhe, Germany) with the purity of 99.9% (metal basis) and target holders used for AMS supplied by National Electrostatic Corp. (Middleton, Wisconsin, USA).
Copper samples comprised AMS target holders from National Electrostatic Corp. (Middleton, Winsconsin, USA), annealed wire with the thickness of 1.0 mm (also used for AMS) from Alfa Aesar (Karlsruhe, Germany), and untreated scobs made from electroformed copper plates, stored in the clean and dry environment at the Department of Nuclear 
Reagents
All chemical reagents were of analytical grade at minimum. Ultrapure 69% HYPERPURE HNO 3 (PanReac), whose quality was further improved with the use of a sub-boiling distillation apparatus (Milestone DuoPUR), and 34% NOR-MATON HCl (VWR) were used for dissolution of samples and preparation of dilute solutions, together with 18.2 MΩ deionized (DI) water produced by Milli-Q Element water system (Millipore). Extraction chromatography was performed with 0.37 g mL −1 of TRU Resin (100-150 µm), packed in a 2 mL column (TrisKem International). The chemical yield of the analytical procedures was controlled by addition of solutions with the known 232 Th and 238 U concentration, prepared from the stock 2% HNO 3 1000 mg L −1 thorium (57090) and uranium (57092) CRM solutions, supplied by Absolute Standards.
Contamination precautions
To minimize contamination from the external environment, samples were processed in the ISO 6 (Class 1000) clean room of the LNGS, while wearing an overall body protection. Extraction chromatography separation was performed in a dedicated fume hood. Sample digestion, dilution and collection after elution from chromatographic columns were done in disposable polypropylene (PP) closable containers, which were extensively rinsed three times with DI water and 10% HNO 3 overnight prior to their use. Before separation of samples, TRU Resin columns were washed with 5 mL of 3 M HNO 3 and subsequently with 3 × 10 mL of 0.1 M (NH 4 ) 2 C 2 O 4 to remove residual thorium and uranium; final rinsing effluents were checked with ICPMS before loading the sample solutions. Procedural blanks were prepared in each sample batch to evaluate the level of contamination.
Instrumentation
Analyses of 232 Th and 238 U content were conducted using quadrupole ICPMS (Agilent 7500a) and double-focusing magnetic sector field ICPMS (Thermo Scientific Element 2; Fig. 1 ). Although the latter system is capable to work in high resolution mode, only low resolution mode was exploited to maximize its sensitivity for thorium and uranium species. Both instruments were tuned and optimized before the measurements to control the signal stability. Typical operational parameters for both the ICPMS are given in Table 2 . Instrumental limit of detection (LOD) for 232 Th and 238 U were determined to be 1 pg g −1 for Q-ICPMS and 0.01 pg g −1 for SF-ICPMS. Semi-quantitative analysis was performed using only Agilent 7500a and the internal standard (Re).
Analytical procedures
The samples were processed either using extraction chromatography or they were directly measured using ICPMS without separation of matrix elements. The chemical yield of uranium and thorium was checked by processing portions of the selected samples spiked to 20-100 pg g −1 of 232 Th and 238 U for chromatographic procedures.
Selenium samples
The weighed amounts of selenium samples (~ 0.5 g) were dissolved in 2 mL of 69% HNO 3 /0.1 g Se in cleaned PP containers. To improve the digestion rate, samples were heated to some 80 °C. When the dissolution was complete and sample solutions became transparent, their volumes were adjusted with DI water to obtain 7-8 M NO 3 2− solutions. These were loaded in 10 mL aliquot steps onto purified TRU Resin chromatographic columns pre-conditioned with 5 mL 3 M HNO 3 . The typical flow rate was 0.5-1.0 mL min −1 . Afterwards, the columns were washed again with 5 mL of 3 M HNO 3 to remove most of the matrix elements while retaining thorium and uranium, which were then eluted with 10 mL of 0.1 M (NH 4 ) 2 C 2 O 4 and measured by ICPMS.
Besides the abovementioned extraction chromatography method, and for the purpose of semi-quantitative analysis, selenium samples were measured directly without the matrix separation. In this case, milligram amounts of selenium powders (3.7-13.1 mg) were digested in 0.25 mL of 69% HNO3, which was supported by heating to 80 °C if necessary. After diluting obtained solutions with DI water to decrease the matrix element concentration by about three orders of magnitude, they were analyzed by ICPMS.
Aluminum samples
Dissolution of aluminum samples was achieved by addition of 10 mL of 34% HCl and 2 mL of 69% HNO 3 ; in the case of the Al-LAURAND sample, the volume of acids had to be raised two times to complete the digestion. Samples were also heated to 80 °C to increase the reaction rate. After digestion of the Al-NEC and Al-Alfa Aesar samples, the precipitate occurred in the solution which was dissolved by addition of ~ 1 mL of DI water. Small portions (0.2 mL) of the Al-LAURAND and Al-NEC sample solutions were taken and mixed with 0.25 mL of 69% HNO 3 and diluted with DI water to 10 mL for the semiquantitative analyses, including determination of 232 Th and 238 U. No further dilution was done for the original sample solutions to ensure high working efficiency of TRU Resin [29] . The column separation of thorium and uranium was performed the same way as in the case of selenium samples, which was followed by ICPMS measurements.
Copper samples
Prior to their digestion, copper samples were rinsed to remove thorium and uranium surface contamination, which was accomplished by soaking the samples in 50 mL of 2.5% HNO 3 and putting them in an ultrasonic bath for 15 min. After the rinsing step, samples were dissolved spontaneously in about 30 mL of 7 M HNO 3 over a couple of hours without any heating. Samples were then diluted with DI water to increase the flow rate and avoid clogging of the column while keeping 4-5 M NO 3 2− concentration of the solutions, which is a reasonable value for TRU Resin. To estimate the surface level of Th and U for the selected sample, the sample Cu-Alfa Aesar was also processed in a way that the half of its material was dissolved without rinsing, followed by digestion of the second half. The portion of the sample Cu-EXPU was processed without removing surface contamination as well. In the case of all sample solutions, thorium and uranium was extracted with TRU Resin the same way as described above. Eluates from extraction chromatography and rinsing solutions were in the end analyzed by SF-ICPMS. 
Results and discussion
Sample processing
The applied methods showed to be highly effective for selenium samples. As the surface of the powders is large, the reaction between selenium and pure nitric acid was rapid, dissolving the samples in several minutes, even without heating them by an external source (e.g., water bath). The only exception was the SeO 2 -AB sample, where the reaction rate was much slower due to the +IV oxidation state of selenium, and more time and heating to 80 °C was therefore needed. The recovery yield of thorium and uranium was determined to be 95 ± 9% and 90 ± 9%, respectively, and the procedural blank was found to be on the level of 0.4 pg g −1 for both species for the TRU Resin procedure. In the case of the simpler approach, in which chromatography separation was not used and samples were analyzed directly after digestion, the yield was expected to be close to the ideal value and the blank was by about one order of magnitude lower than for the first method. High efficiency of the TRU Resin chromatography method was also observed in the case of aluminum samples; the respective average recoveries were found to be 106 ± 15% for thorium and 112 ± 16% for uranium. The dissolution rate was strongly dependent on the type of sample. While the samples Al-Alfa Aesar and Al-NEC reacted extensively with the mixture of HCl and HNO 3 , the sample Al-LAURAND needed ~ 2 days of continuous heating to complete the reaction. Aluminum salts in the form of white precipitate, emerged as a consequence of digestion, were dissolved by addition of 1-1.5 mL of DI water to sample solutions. The content of radionuclides of interest in the procedural blank for this procedure was determined to be 0.8 pg g −1 , which is a bit higher than in the case of selenium samples. The only important difference between the methods was the use of hydrochloric acid for Al samples, whose purity was slightly worse than the purity of re-distilled nitric acid, as checked by ICPMS. The yield and procedural blanks were estimated to be similar for determination of thorium and uranium by semi-quantitative analysis.
In the case of copper, the Cu-NEC sample was the only one which needed addition of extra 69% HNO 3 (1 mL) and gentle heating (60 °C) to finish its dissolution. Extraction of thorium and uranium using TRU Resin proved to work very well, even for the heavy matrix samples where sample solutions with the Cu concentration of ~ 0.1 g mL −1 were loaded on the columns (Cu-EXPU and Cu-Alfa Aesar). The chemical yield of the procedure for thorium and uranium was 96 ± 14% and 95 ± 14%, respectively. The blanks processed together with samples contained similar amount of 232 Th and 238 U (0.4 pg g −1 ) as for selenium samples.
232
Th and 238 U results
The blank-corrected results of thorium and uranium radiopurity measurements for processed selenium, aluminum and copper samples are shown in Table 3 . The determined concentrations of 232 Th and 238 U represent average values if the sample was analyzed more than once by the same or different method, i.e. with or without the extraction chromatography separation. The values are given with the expanded uncertainty (k = 2), where the overall relative uncertainty of the measurement was calculated to be 20%. Although the precision of the ICPMS instrumentation was much better (< 1%), higher uncertainty was mainly due to systematic errors during sample processing.
From all selenium samples, the lowest concentration of thorium (40 ± 20 nBq g −1 ) and uranium (700 ± 270 nBq g −1 ) was determined for the Se-Alfa Aesar sample, which is a commercially available product with the declared high purity. This is somewhat in oppose to expectations because two other samples, 82 Se-AB and 82 Se-D, which were specifically enriched and chemically purified at the JINR, contained similar or much higher amounts of 232 Th and 238 U. Nevertheless, the results for these two JINR samples are comparable with the results for enriched and purified selenium obtained by the SuperNEMO collaboration in several studies [13, 30, 31] , which suggest that the methods presented here can be used for reliable analysis of thorium and uranium for the purpose of the SuperNEMO experiment.
Very high content of thorium and uranium was surprisingly measured in the Al-NEC and Al-Alfa Aesar samples (Table 4) , which are interesting from the AMS development point of view. One of the basic and generally necessary preparation steps for AMS is that the sample matrix containing radionuclide of interest is mixed with metal powder (e.g., aluminum) to enhance thermal and electric conductivity of the final target, and pressed in a holder (cathode). As a result of sputtering in an ion source of the AMS system, ions are not only generated from the sample but from the metal powder and cathode as well. Hence, content of measured radionuclide in both powder and target holder should be as low as possible to limit their contribution to the blank. Intrinsic contamination of the Al-Alfa Aesar and Al-NEC samples by 232 Th of 110 and 190 µBq g −1 , and by 238 U of 3000 and 7500 µBq g −1 , respectively, makes them essentially unusable for AMS measurements of natural thorium and uranium in the nBq g −1 scale or below, which is critical for radiopurity screening of some materials for underground experiments. The sample Al-LAURAND was analyzed by semi-quantitative analysis, reaching only LOD for both radionuclides. However, this sample was mainly processed in order to assess the chemical yield of the TRU Resin chromatography procedure, as discussed earlier.
In contrast to aluminum samples planned to be used for AMS measurements, significantly lower concentration of 232 Th and 238 U on the level of tens of nBq g −1 or even less was found in the samples Cu-NEC and Cu-Alfa Aesar ( Table 3) . While the former is exploited in AMS the same way as its aluminum twin, the latter can be cut into small pieces which serve a role of a pin. These are put in a cathode after the sample-powder mixture to finalize the target by applying pressure on it. The pin is not sputtered in an AMS ion source, unless the sample material has been used completely. The results suggest that both copper target holders and wire are of a very good quality, thus can be used in development of AMS determination of natural thorium and uranium at ultra-low levels. Regarding the Cu-EXPU sample, the bulk contamination by 232 Th (20 ± 8 nBq g −1 ) and 238 U (89 ± 36 nBq g −1 ) is sufficiently low to consider this material suitable for shielding purposes.
To estimate contamination of the surface and upper layer of copper samples, we measured thorium and uranium in the 2.5% HNO 3 solutions which were used for rinsing and etching of the material. The mass of copper removed by this step, depending mainly on the reaction surface, was determined from the calibration curve (0-10 000 ng mL −1 ). The lowest absolute activity of 232 Th (39 ± 8 nBq) and 238 U (110 ± 22 nBq) and amount of copper (0.1 mg, i.e. 0.0048% of the original mass) from all solutions were observed for the Cu-NEC sample. In the case of other two samples, Cu-Alfa Aesar and Cu-EXPU, which also lost much more copper during the cleaning procedure (0.67 and 63 mg, or 0.012 and 0.014% of the original mass, respectively), the thorium and uranium activities in the solutions were by a factor of 4 to 7 higher. However, as shown by the bulk analyses (Tables 1,  3) , the inner activities for both radionuclides were by a factor of at least 2 to 3 lower for all three samples, suggesting the need to clean these types of samples prior to their use for ultra-low level AMS analyses.
Semi-quantitative analysis
The results of the semi-quantitative analysis of the selected selenium samples ( 82 Se-D and Se-Alfa Aesar), determined with the relative uncertainty of 25%, showed that the content of impurities in both of them is more or less the same (Table 5 ), which implies that the efficiency of the preparation and purification process of the 82 Se-D sample carried out at the JINR was high enough. Even though slightly elevated concentration of some elements (Na, Mg, Ca, Cu, Te, Ba) and trace amounts of others (< 1 µg g −1 ) were detected in its matrix, the overall quality of the 82 Se-D sample can be considered very good. This is also supported by the fact that the concentration of some elements (K, As, Mo, Hg) was found to be lower for the 82 Se-D than for Se, Alfa Aesar sample. The obtained data for the latter sample improves the results from its qualitative analysis conducted by low-energy mass scanning [20] .
Another interesting result found was that the Al-NEC sample, aluminum AMS target holders produced by NEC, were clearly manufactured from some kind of alloy, not from pure aluminum. Besides three major elements-Al, Mg (3.8%) and Zn (2.8%), the material contained exceptionally high amount of Cu (0.8%), Cr (0.2%), Ca (0.1%) and Fe (0.1%). On top of that, we determined several elements (e.g., B, Ti, V, Ni, Pb) with the abundance on the level of tens to hundreds of µg g −1 . As expected, the sample Al-LAURAND was much cleaner and the concentrations of all measured elements were 1-2 µg g −1 or below ( Table 5 ).
Conclusions
We successfully performed ICPMS analyses and measured 232 Th and 238 U in several selenium, aluminum and copper materials, which can be important for low-level background underground experiments or development of AMS applications, focused on determination of natural thorium and uranium at the ultra-trace level. Samples were either processed by the TRU Resin extraction chromatography method, which worked with very good recoveries (≥ 90%) for both radioelements even for heavy matrices, or by simple dissolution procedure without any separation and pre-concentration. By following contamination precautions, we were able to achieve sub-pg g −1 level procedural blanks. Semi-quantitative analysis was also conducted for some of the analyzed materials in order to evaluate their overall quality. The results of radiopurity measurements showed that purified enriched and natural selenium powders, whose high quality was confirmed by semi-quantitative analysis, are comparable with the similar materials studied by the SuperNEMO collaboration, implying that the methods presented here can be used for reliable determination of 232 Th and 238 U for the purpose of the experiment. Unlike selenium samples, aluminum target holders, interesting from the AMS point of view, contained significant amounts of different elements including thorium and uranium, which makes them unusable for further development of this method for their measurements at the nBq g −1 range; similarly, aluminum powder, regularly exploited in AMS, did not show an acceptable radiopurity. On the contrary, concentration of 232 Th and 238 U in copper cathodes and wire, and scobs from plates was found to be very low, thus enabling their use in development of ultra-sensitive AMS techniques and shielding materials for underground experiments. 
